glycogen synthase kinase-3; preconditioning; electron transport chain; supercomplex MURRY ET AL. (26) were the first to describe the preconditioning (PC) phenomenon in which brief episodes of ischemia and reperfusion protect the heart from a subsequent prolonged ischemic period. Preconditioned hearts have reduced infarct size, arrhythmias, and postischemic contractile dysfunction. Although the mechanism by which PC mediates cardioprotection has not been fully elucidated, the current paradigm is that PC releases agonists (e.g., adenosine, bradykinin, and opioids) into the cellular milieu, which bind to G protein-coupled receptors, and initiates a protein kinase signaling cascade leading to protection. Phosphatidylinositol 3-kinase (PI3-kinase) plays an essential role in PC signaling (40) and leads to downstream phosphorylation and inactivation of glycogen synthase kinase (GSK)-3␤ (41) .
Earlier studies have suggested that GSK-3␤ Ser9 phosphorylation before ischemia reduces infarct size after ischemiareperfusion (I/R) in the heart and short-term GSK-3␤ inhibition with pharmacological agents mimics PC cardioprotection (13, 18, 41) . Gross et al. (13) further showed that addition of GSK inhibitors at the start of reperfusion reduced infarct size in rat heart. Juhaszova et al. (18) suggested that GSK-3␤ inhibition by Ser9 phosphorylation reduces mitochondrial permeability transition pore opening in cardiomyocytes. Although the signaling kinases activated by PC have been thoroughly described, the mechanisms by which these kinases result in protection are poorly understood. Recent studies have suggested that many of these kinase signals converge on the mitochondria to initiate cardioprotection. Thus the primary goal of this study was to identify the alterations in the mitochondrial proteome that are involved in cardioprotection by using a proteomics approach. We identified changes in the mitochondrial proteome that are consistent in two cardioprotective approaches, PC and treatment with a GSK-3 inhibitor. We hypothesize that both PC and GSK inhibition will lead to a number of modifications in the mitochondrial proteome, many of which will not be involved in cardioprotection. However, by focusing on the proteome alterations that occur in both PC and GSK inhibition, we can distinguish changes that are likely to be involved in cardioprotection. We report that specific GSK-3 inhibitor AR-A014418 (GSK Inhib VIII) treatment and PC both resulted in changes in several proteins in the electron transport chain and these alterations are associated with altered assembly of mitochondrial supercomplexes.
phosphate buffer with 1 M glycine (pH 8.3), 1 M hydrazine, 20 mM NAD ϩ , and 0.02 U L-lactate dehydrogenase. The assay plate was incubated at 37°C for 30 min, and NADH fluorescence was measured at 355-nm excitation and 460-nm emission.
Immunoblotting. Hearts were snap-frozen after each 55-min treatment and lysed in 50 mM Tris ⅐ HCl (pH 7.4), 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100. The homogenates were centrifuged at 10,000 g, and the supernatants were used for electrophoresis. Samples (40 g) were separated on NuPAGE 4 -12% Bis-Tris gels (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose membranes. After blocking with Odyssey Blocking Buffer (LI-COR Biosciences, Lincoln, NE), the membranes were incubated with the following primary antibodies at 1:1,000 dilutions: anti-phospho-glycogen synthase (Ser641 and Ser645) (Invitrogen) and anti-total-glycogen synthase Fig. 1 . Ischemic preconditioning (PC) and glycogen synthase kinase (GSK)-3 inhibitor AR-A014418 (GSK Inhib VIII) protect murine hearts against ischemia-reperfusion injury. A: experimental protocol showing duration and time course of ischemia (I) and reperfusion (R). Mitochondria were isolated after each 55-min protocol, and lactate measurements were made after 20 min of ischemia. Functional recovery and infarct size were assessed after 2 h of reflow. B: representative Western blot of phospho-glycogen synthase (GS) and total GS from control (Con) and GSK Inhib VIII-treated hearts. C: densitometry of % phosphorylated GS normalized to total GS of Con and GSK Inhib VIII-treated hearts. D: recovery of left ventricular developed pressure (LVDP) measured after 2 h of reperfusion. Data are normalized to preischemic LVDP values. E: infarct size (necrosis) as % of whole heart measured with 2,3,5-triphenyltetrazolium chloride (TTC) staining and representative heart cross sections. F: lactate production after 20 min of ischemia. Data are expressed as micromoles of lactate produced per gram of wet weight. Numbers of hearts are shown in parentheses. *P Ͻ 0.05 compared with Con.
(Chemicon, Billerica, MA). Appropriate secondary antibodies were used and visualized on the ODYSSEY Infrared Imaging System (LI-COR).
Mitochondria isolation. Mitochondria were isolated by differential centrifugation according to standard procedures (36) . Because we were interested in identifying modifications of known mitochondrial proteins, we utilized a rapid isolation of mitochondria (to preserve posttranslational modifications) rather than a prolonged purification of the crude mitochondrial pellet. Briefly, hearts were weighed; minced in (mM) 225 mannitol, 75 sucrose, 5 MOPS, 0.5 EGTA, and 2 taurine (pH 7.25) (buffer A); and homogenized by Polytron. To digest the contractile proteins, trypsin (0.001 g/0.1 g wet tissue) in buffer A was added to the homogenate for 5 min on ice. Digestion was stopped with buffer A containing protease and phosphatase inhibitors. The homogenate was centrifuged at 500 g, and the resulting supernatant was spun at 11,000 g to pellet the mitochondria. The final mitochondrial pellet was resuspended in buffer A with protease and phosphatase inhibitors. Protein content was determined with a Bradford assay.
Two-dimensional gel electrophoresis and gel staining. CyDye twodimensional (2D) fluorescence difference gel electrophoresis (DIGE) and Pro-Q staining were performed as described previously (15, 16) . Briefly, mitochondrial proteins were solubilized in lysis buffer [30 mM Tris⅐HCl, 7 M urea, 2 M thiourea, and 4% (wt/vol) 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS)]. Homogenates were centrifuged at 12,000 g, and the pellets were discarded. Individual samples (50 g) were labeled on Lys residues with Cy3 and Cy5 (GE Healthcare, Piscataway, NJ). A 50-g internal standard consisting of equal protein amounts of all samples was labeled with Cy2. The labeled samples and internal standard were combined with 175 g of each sample (unlabeled) to bring the total protein content for each gel to 500 g. Unlabeled samples (500 g) were utilized for Pro-Q gels. First-dimension isoelectric focusing was carried out on 24-cm Immobiline DryStrip gels pH 3-10 nonlinear (GE Healthcare) in an Ettan IPG Phor electrophoresis unit (GE Healthcare), rehydrating at 30 V for 10 -12 h followed by focusing for ϳ66,667 Vh. The strips were loaded into precast 10 -15% Optigel polyacrylamide gels (NextGen Sciences, Ann Arbor, MI), and the proteins were separated on an Ettan DALT-12 electrophoresis unit (GE Healthcare) at constant voltage (ϳ2,350 Vh). All gels were scanned on a Typhoon 9400 variable imager (GE Healthcare) at a resolution of 100 m. Image analysis was performed by using the cross-stain analysis function with Progenesis Discovery software (NonLinear Dynamics, Durham, NC).
Protein identification. For all protein identifications from 2D gels, protein spots were picked with the Ettan Spot Handling Workstation (GE Healthcare). Protein identification was carried out with a matrixassisted laser desorption/ionization (MALDI)-time of flight (TOF)/ TOF instrument (4700 Proteomics Analyzer, Applied Biosystems, Foster City, CA) with reflector positive ion mode. For mass spectrometry (MS) analysis, an 800 -4,000 mass-to-charge ratio (m/z) mass range was used with 1,500 shots per spectrum. Result-dependent analysis (RDA) was used for MS/MS selection. A maximum of six precursors per protein were selected, with a confidence interval (CI) percentage of 50 or higher and a minimum signal-to-noise ratio of 50. In addition, a low-confidence investigation (peptides not matched to top proteins) was used to allow a maximum of five precursors per spot with minimum signal-to-noise ratio of 50 and selected for datadependent MS/MS analysis. A 1-kV collision energy was used for collision-induced dissociation (CID), and 1,500 acquisitions were accumulated for each MS/MS spectrum. For both MS and MS/MS analysis, the default calibration was performed with 4700 mass standard peptide mix (Applied Biosystems) achieving a mass accuracy within 50 ppm. Internal calibration was used for all MS runs with trypsin autolysis peaks of 842.51 m/z, 1,045.56 m/z, and 2,211.11 m/z. When one or more of the trypsin peaks were not found within the mass tolerance of 0.1 m/z, default processing was used.
The peak lists were generated with GPS Explorer software using default parameters (version 3.0, Applied Biosystems). A Mascot search engine was used (version 2.2, Matrix Science, Boston, MA) for peptide and protein identifications with the following search criteria: enzyme, trypsin; miscleavages, one; fixed modifications, cysteine carbamidomethylation; variable modifications, methionine oxidation; mass tolerance for precursor ions, 100 ppm; and mass tolerance for fragment ions, 0.5 Da. The SwissProt protein knowledgebase database (Sprot, release 57.4, 16 June 2009; 497,293 sequences) was searched against, and MS peak filtering was set for all trypsin autolysis peaks. The species selected was Mus musculus (mouse), and the number of sequence entries searched in the M. musculus database was 16,183 of 497,293 total sequence entries. The acceptance criteria for individual MS/MS spectra had a significance threshold set to P Ͻ 0.05 with expectation values (E values) Ͻ 0.05 (number of different peptides with scores equivalent to or better than the result reported that are expected to occur in the database search by chance). The P value was chosen to reflect a 95% probability that the protein identification is correct. The identification of two peptides or more had to meet the following criteria: the protein was characterized as a mitochondrial protein, E value Ͻ 0.05, and molecular weight had to match the position where the spot was picked on the 2D gel. Calculated protein isoelectric points (pI) were obtained from the Expert Protein Analysis System (ExPASy) proteomics server of the Swiss Institute of Bioinformatics (SIB) and are used in Tables 3-5 . Mitochondrial proteins often have a mitochondrial targeting sequence that is processed/ cleaved when entering the mitochondria, and these cleaved proteins are referred to as "clipped proteins." The sequence of the clipped proteins is a truncated sequence of the total protein without the mitochondrial targeting sequence. The calculated pIs shown in Tables  3-5 are for the processed clipped proteins.
Cytochrome c content. Levels of cytochrome c were measured spectrophotometrically as previously described (2) .
Blue Native-PAGE electrophoresis and immunoblotting. Mitochondrial fractions were solubilized in Native-PAGE sample buffer with 1 mM phenylmethylsulfonyl fluoride, 2.1 mM leupeptin, and 1% digitonin. The lysate was centrifuged at 18,000 g, and protein concentrations were determined on the resulting supernatant. Solubilized mitochondria (75 g) were loaded onto NativePAGE 3-12% gels with Dark Blue Cathode Buffer per manufacturer instructions (Invitrogen) and run until the dye front reached one-third down the gel. The buffer was switched to Light Blue Cathode Buffer until the dye front could no longer be seen. Gels were visualized on the ODYSSEY Infrared Imaging System (LI-COR) before transfer to polyvinylidene difluoride membranes. Membranes were blocked with Odyssey Blocking Buffer (LI-COR) and incubated with the primary antibody cytochrome-c oxidase subunit VIb (Mitosciences, Eugene, OR) at a 1:1,000 dilution. Appropriate secondary antibodies were used and visualized on the ODYSSEY Infrared Imaging System (LI-COR).
Data analysis. All data are presented as means Ϯ SE. Statistic analyses were performed with a one-way ANOVA analysis followed by a Tukey post hoc test. A value of P Ͻ 0.05 was considered significant.
RESULTS
Hemodynamic parameters. In this study, we were interested in determining the changes in the mitochondrial proteome that are involved with cardioprotection. We chose the concentration of 1 M GSK Inhib VIII because it was 10-fold higher than the IC 50 value (104 nM) (4) and the lowest concentration we found to protect in our preliminary dosing study. There were no differences in LVDP, heart rate, or rate-pressure product between GSK Inhib VIII treatment and time-matched controls at the end of either the equilibration (Table 1) or treatment ( Table 2) period. To test whether the concentration of GSK Inhib VIII used blocked GSK-3 activity, the amount of phosphorylated glycogen synthase was measured in control and GSK Inhib VIII-treated hearts (Fig. 1B ). Because GSK-3 is a kinase that phosphorylates glycogen synthase, it would be expected that an inhibitor of GSK-3 activity would decrease the amount of phosphorylated glycogen synthase. As shown in Fig. 1 , B and C, the 1 M dose of GSK Inhib VIII used in these studies significantly decreased the percentage of phospho-glycogen synthase from ϳ85% to ϳ35% (P Ͻ 0.05), indicating that GSK Inhib VIII can inhibit GSK-3 activity.
GSK-3 inhibition is cardioprotective. To test the hypothesis that GSK-3 inhibition is cardioprotective in mice, we treated hearts with 1 M GSK Inhib VIII for 10 min before 20 min of ischemia and 120 min of reperfusion ( Table 2 ). As shown in Fig. 1D , control hearts recovered 33.6 Ϯ 2.4% of their preischemic LVDP. In contrast, PC-and GSK Inhib VIII-treated hearts had improved postischemic LVDP recovery (57.0 Ϯ 2.5 and 51.7 Ϯ 3.8%; P Ͻ 0.05). To evaluate whether GSK-3 inhibition reduced infarct size, we measured TTC staining after 2 h of reperfusion. Consistent with improved functional recovery, we observed decreased infarct size in PC-and GSK Inhib VIII-treated hearts compared with control (11.9 Ϯ 1.6 and 19.2 Ϯ 3.5 vs. 34.8 Ϯ 1.9%; P Ͻ 0.05) (Fig. 1E ). In addition, we also treated hearts with another GSK-3 inhibitor, CT99021 (0.4 M), for 10 min before ischemia and found similar improvement in LVDP recovery and infarct size (51.6 Ϯ 4.6% LVDP and 11.5 Ϯ 2.7% infarct; P Ͻ 0.05; Fig. 1 
, D and E).
Murry and colleagues (26) first observed that PC delayed cell injury while reducing lactate production during sustained ischemia. We have also found that a number of cardioprotective agents, such as diazoxide (9), Bcl-2 overexpression (17), and adenosine (10) , also result in a decrease in ischemic acidosis or lactate production. We measured lactate levels in control and PC-and GSK Inhib VIII-treated hearts after 20 min of ischemia to evaluate whether GSK Inhib VIII treatment slowed anaerobic glycolysis during ischemia. As shown in Fig.  1F , lactate levels were significantly lower in PC-and GSK Inhib VIII-treated hearts compared with control (6.69 Ϯ 0.73 and 8.30 Ϯ 0.29 vs. 10.34 Ϯ 0.67 mol lactate/g wet wt; P Ͻ 0.05). Together, these results demonstrate that GSK-3 inhibition protects mice from I/R injury to a similar extent as PC by increasing functional recovery, reducing infarct size, and decreasing lactate production during ischemia.
PC and GSK-3 inhibitor treatment alter proteins involved in mitochondrial energetics. Because cardioprotection is thought to involve alterations in the mitochondria, we were interested in determining whether consistent changes in the mitochondrial proteome occur in PC-and GSK Inhib VIII-treated hearts at the end of the treatment period. We reasoned that since these different treatments are both cardioprotective, common proteomic changes are likely to be involved in protection. Mitochondrial fractions were isolated at the end of the treatment period for all sample groups. In our mitochondrial isolation, the wet weight of the hearts ( Fig. 2A ), mitochondrial content ( Fig.  2B) , and mitochondrial yield normalized to heart wet weight ( Fig. 2C) were comparable between all three treatment groups. To ensure that there was similar integrity of the outer mitochondrial membrane between the treatment groups, cytochrome c-dependent oxygen consumption was measured, and we did not find a significant difference in state 3 consumption on the addition of cytochrome c, suggesting similar outer membrane integrity between all treatment groups.
The isolated mitochondrial fractions were resolved by 2D-DIGE, and we performed a comparative proteomic analysis of control and PC mitochondria ( Fig. 3 ) as well as control and GSK Inhib VIII mitochondria (Fig. 4) . We used Progenesis software to identify spots from either PC-or GSK Inhib VIII-treated hearts that had significant changes (P Ͻ 0.05) relative to control. Protein identifications for each spot were confirmed in at least two gels with a minimum of two unique peptides. Table 3 summarizes the proteins with significant differences between control and PC hearts. A total of 23 unique protein spots were significantly altered between control and PC. The majority of the identified changes occurred in proteins involved in mitochondrial energetics, such as oxidative phosphorylation, ␤-oxidation, metabolism, and ATP regeneration. GSK Inhib VIII treatment led to the modification of 38 distinct proteins that spanned a wide range of cellular functions (Table 4) . Values are means Ϯ SE for n mice. HR, heart rate; bpm, beats per minute; LVDP, left ventricular developed pressure; RPP, rate-pressure product; PC, ischemic preconditioning; GSK Inhib VIII, glycogen synthase kinase (GSK)-3 inhibitor AR-A014418. Values are means Ϯ SE for n mice. *P Ͻ 0.05 vs. parameter of group at end of equilibration. †P Ͻ 0.05 vs. parameter of group at end of treatment; ‡P Ͻ 0.05 vs. parameter of Control at end of 120-min reperfusion.
We were particularly interested in changes that were consistent between PC and GSK-3 inhibition. We examined Tables 3 and 4 for protein spots that were higher or lower (i.e., the same trend) in both PC and GSK Inhib VIII treatment because these changes could be responsible for cardioprotection. Although seven protein spots were found to have the same trends in PC-and GSK Inhib VIII-treated hearts (Table 5) , these spots were identified as only five distinct proteins because of multiple spots with the same identification (i.e., cytochrome-c oxidase subunit VIb and ATP synthase-coupling factor 6). PC and GSK Inhib VIII treatment both increased the protein abundance of cytochrome-c oxidase subunits Va and VIb, ATP synthase-coupling factor 6, and cytochrome b-c1 complex subunit 6, while cytochrome c levels were decreased.
Five spots at different pI values were identified for NADHubiquinone 75 kDa; these five spots likely represent differences in posttranslational modifications (Figs. 3 and 4) . Interestingly, we found that treatment with GSK Inhib VIII increased the levels of NADH-ubiquinone 75 kDa at four spots located at more acidic pIs (Fig. 4, Table 4 ), whereas PC decreased the level of NADH-ubiquinone 75 kDa at a spot with a more basic pI (Fig. 3, Table 3 ). Together, these data would be consistent with cardioprotection (GSK-3 inhibitor treatment and PC) resulting in an increase in posttranslational modification (such as phosphorylation) of NADH-ubiquinone 75 kDa; this would be apparent as an increase in a spot at the more acidic pI as observed with GSK-3 inhibition and a decrease in a spot at the more basic pI as observed in PC.
To better illustrate protein levels in the DIGE data, we magnified DIGE overlay images of the five proteins for control/PC and control/GSK Inhib VIII (Fig. 5, A-C, left) and compared them to DIGE single (nonoverlay) images for each treatment group (Fig. 5, A-C, middle) . With the exception of cytochrome c, the DIGE overlays show an increase of the proteins in Table 5 as evident by the darker protein densities in the PC and GSK Inhib VIII single DIGE images. In summary, PC and GSK-3 inhibition both lead to consistent changes in protein abundance of several electron transport chain components, namely complexes III, IV, and V.
Alterations of protein amount in PC and GSK-3 inhibitor treatment likely due to changes in protein degradation. The identified differences in protein subunits of complexes III-V in PC-and GSK Inhib VIII-treated hearts could be attributed to several factors, such as protein synthesis, protein degradation, or posttranslational modification that caused a pI shift. Protein synthesis during the 10-min GSK-3 inhibitor treatment or the 40-min PC protocol would have been minimal; therefore, the changes observed would be more likely due to degradation or posttranslational modifications, such as phosphorylation. To determine whether PC and GSK Inhib VIII were associated with phosphorylation changes, we imaged 2D gels with Pro-Q Diamond phosphoprotein stain. Pro-Q has been used extensively to directly detect phosphate groups attached to Tyr, Ser, or Thr residues and will tend to select for proteins with high stable phosphorylation levels (37, 38) . The dye has been shown to accurately quantify protein loads ranging from 1 ng to 1 g on an electrophoresis gel. Relative to control, PC-and GSK Inhib VIII-treated hearts had increased Pro-Q staining for cytochrome-c oxidase subunits Va (Fig. 5A, right) and VIb (Fig. 5B, right) and cytochrome c (Fig. 5C, right) , suggesting enhanced phosphorylation of these proteins.
To investigate whether these increases in phosphorylation were associated with alterations in protein expression, the volume of each Pro-Q spot was normalized to the volume of the Sypro Ruby total protein spot as would be performed in Western blot densitometry. The percentage of phosphorylated cytochrome-c oxidase subunit Va to total protein was elevated from 1.68 Ϯ 0.08% to 13.40 Ϯ 0.94% in PC (P Ͻ 0.05; ϳ8-fold change) and 9.30 Ϯ 1.40% in GSK Inhib VIII (P Ͻ 0.05; ϳ5.5-fold change) (Fig. 5D) . In a similar fashion, the percentage of phospho-cytochrome-c oxidase subunit VIb increased from 6.93 Ϯ 0.35% in control to 37.20 Ϯ 7.02% in PC (P Ͻ 0.05; ϳ5-fold change) and 19.48 Ϯ 2.92% in GSK Inhib VIII (P Ͻ 0.05; ϳ3-fold change) (Fig. 5E ). This would suggest that cardioprotection through PC and GSK-3 inhibition increased the phosphorylation levels of these complex IV subunits, implicating a possible role of phosphorylation in protein stability since these protein levels were increased. Interestingly, we also observed an increase in the percentage of phosphorylated cytochrome c from 4.27 Ϯ 0.21% in control to 24.61 Ϯ 5.05% in PC (P Ͻ 0.05; ϳ5.5-fold change) and 42.82 Ϯ 6.42% in GSK Inhib VIII (P Ͻ 0.05; ϳ10-fold (Fig. 5F ). This would be consistent with a role for increased phosphorylation of cytochrome c resulting in an increase in its degradation since cytochrome c levels were decreased. To confirm the decrease in cytochrome c in PC-and GSK Inhib VIII-treated hearts observed in the proteomics data, we measured cytochrome c content by spectrophotometric methods and found a ϳ20 -25% decrease in cytochrome c in PC and GSK Inhib VIII treatment ( Fig. 5G ; P Ͻ 0.05). This result would be consistent with cytochrome c phosphorylation playing a role in its stability. In contrast, we did not observe Pro-Q staining for cytochrome b-c1 complex subunit 6 or ATP synthase-coupling factor 6, which would suggest that these proteins were not modified by phosphorylation, but there could be other posttranslational modifications or a change in protein amount.
PC and GSK-3 inhibitor cardioprotection leads to change in complex subunit assembly into mitochondrial supercomplexes.
We were interested in the functional consequences of the increased levels of specific subunits of complexes III-V (Table  5 ). To distinguish whether the changes in subunit amount (and/or phosphorylation) increased the complex formation or supercomplex levels/composition, we used Blue Native (BN)-PAGE gels to separate complexes in their native form and allow for quantification of the total complex amount (Fig. 6A) . We found that the complex amounts were comparable between the treatment groups (Fig. 6, B-D) . Therefore, the increases detected in the subunits of Table 5 did not alter total complex amount.
We also evaluated the BN-PAGE gels for any changes in the amount of mitochondrial supercomplexes, which are formed between complexes I, III, and IV and often referred to as respirasomes ( Fig. 6A) (34, 35) . Typically, supercomplexes contain complex I, a dimer of complex III, and zero to four units of complex IV, where higher-molecular-weight supercomplexes contain more units of complex IV. Similar to the individual complexes, we did not observe a change in supercomplex amount in PC-and GSK Inhib VIII-treated hearts (Fig. 6E) .
Although supercomplex levels were unaltered, we were interested in whether PC and GSK-3 inhibition and the resultant increase in subunit levels may lead to differences in supercomplex composition. We measured levels of cytochrome-c oxidase subunit VIb, which was increased by PC and GSK-3 inhibition, in the supercomplex and found approximately threefold and approximately fivefold increases in the levels of the subunit in PC and GSK Inhib VIII mitochondrial supercomplexes, respectively ( Fig. 7 ; P Ͻ 0.05). This would suggest that the increase in subunit levels by these cardioprotective treatments may lead to changes in supercomplex assembly.
DISCUSSION
The primary goal of this study was to identify the alterations in the mitochondrial proteome that are consistent in two approaches, PC and GSK-3 inhibition. Preischemic treatment with GSK-3 inhibitors mimics PC cardioprotection (13, 41) . In addition, various cardioprotective drugs result in GSK-3 inhibition (13, 27) , and GSK-3 seems to serve as a convergence point for many signaling pathways (18 other forms of cardioprotection lead to increased GSK-3 phosphorylation and inactivation through a PI3-kinase-Akt-dependent pathway. However, in contrast to these studies, a recent study found that GSK-3 inactivation was not required for cardioprotection (28) . Possible reasons for this discrepancy have been discussed elsewhere (25) . PC can also result in GSK-3 phosphorylation through pathways other than Akt because GSK-3 serves as the convergence point for several protein kinases such as Erk, p70S6 kinase, and protein kinase C (PKC) (8, 19) . GSK-3 is also known to be phosphorylated in signaling mechanisms other than PC, such as in insulin receptor activation, which mainly acts through Akt to phosphorylate GSK-3 (24) . However, it is unclear whether the localization of GSK-3 following PC and insulin stimulation are the same. Also, PC and insulin likely result in activation of different signaling pathways that could alter the context in which GSK-3 is phosphorylated. Additional studies will be needed to directly compare the effect of insulin to PC.
Consistent with earlier studies revealing the importance of GSK-3 inhibition in preconditioned rats (13, 41) , we find in mice that GSK-3 inhibitors GSK Inhib VIII and CT99021 provide protection similar to PC with increased functional recovery and reduced infarct size. The protection afforded by PC and pharmacological preconditioning, such as GSK-3 inhibition, has been suggested to involve the mitochondria. We therefore used a proteomics approach to determine whether cardioprotection with PC and a GSK-3 inhibitor results in consistent changes in the mitochondrial proteome. We were interested in identifying changes in posttranslational modifications of mitochondrial proteins. We were concerned that these modifications would be lost during the extensive isolation needed to purify mitochondria, and thus we used rapid isolation techniques to obtain crude mitochondrial extracts for our DIGE proteomics. A proteomics approach has the advantage of providing an unbiased assessment of changes in protein levels and posttranslational modifications. However, a limitation of these proteomic studies is that hydrophobic and membrane proteins often have difficulty entering 2D gels. Thus there could be other changes in hydrophobic and membrane proteins that are not detected.
Overall, there was little overlap in protein changes between PC and GSK-3 inhibition because we identified only five proteins with consistent changes between PC and GSK-3 inhibition (Table 5) . Similarly, Arrell et al. (1) also found only six similar protein changes between cardioprotection with adenosine and diazoxide in rabbit ventricular myocytes. Interestingly, PC primarily leads to a reduction in mitochondrial protein expression (Table 3 ) and GSK-3 inhibition leads to an increase in expression in most proteins (Table 4) . PC includes multiple ischemic episodes, and ischemia might be expected to increase degradation. Furthermore, modifications of protein stability have been associated with PC, specifically in the case of the PTEN phosphatase. PTEN negatively regulates the serine-threonine kinase Akt that is a key player in PC signaling, and this phosphatase is rapidly degraded in ischemic hearts. Cai and Semenza (5) showed that pretreatment of perfused rat hearts with a proteasome inhibitor blocks ischemia-induced PTEN degradation and PC. Thus these results demonstrate that degradation and the resulting loss of activity of PTEN is necessary for the induction of PC. In contrast to the decrease in protein abundance observed with PC, treatment with the GSK inhibitor resulted primarily in an increase in protein abundance. This finding might be explained if GSK-3 phosphorylation resulted in reduced protein stability; thus inhibition of GSK-3 would increase protein stability. In fact, GSK-3 has been implicated in the modulation of protein stability such as in the Wnt pathway and its downstream target ␤-catenin (3, 7) .
When comparing the protein abundance changes that were the result of PC and GSK-3 inhibition, we identified seven spots representing five proteins with consistent alterations between the cardioprotective treatments. Four of the five proteins showed an increased abundance with PC and GSK inhibitor treatment; these include cytochrome-c oxidase subunits Va and VIb, ATP synthase-coupling factor 6, and cytochrome b-c1 complex. We also found one protein (cytochrome c) that was reduced in PC-and GSK inhibitor-treated hearts. On the basis of Pro-Q Diamond staining, it appears that several of these proteins (cytochrome-c oxidase subunits Va and VIb and cytochrome c) showed an increase in phosphorylation or some other posttranslational modification. Thus the changes in protein abundance occur with concomitant changes in phosphorylation. It is interesting to speculate that the changes in phosphorylation of these proteins might alter their stability. Alterations in mitochondrial protein abundance in PC-and GSK Inhib VIII-treated hearts could result from changes in protein (39) demonstrated that PC cardioprotection is not blocked by inhibitors of protein synthesis, and thus it is unlikely that synthesis of a protective protein is the mechanism of PC protection. Therefore, the protein abundance changes induced by PC and GSK-3 inhibition would be more likely due to alterations in protein degradation or stability, and changes in phosphorylation are well known to influence protein stability.
An example of how phosphorylation may alter protein stability is our observed decrease in cytochrome c with PC and GSK-3 inhibition (Table 5) , which was also confirmed by spectrophotometric methods (Fig. 5G) . Although a reduction in mitochondrial cytochrome c would usually be interpreted as a detrimental event coinciding with an increase of cytosolic cytochrome c and other apoptotic-inducing factors, it is likely that cytochrome c levels in the intermembrane space can also be regulated, perhaps by phosphorylation. The decrease we observe in cytochrome c in PC-and GSK inhibitor-treated hearts is not associated with increased injury, because these treatments protect against I/R injury (Fig. 1) . We measured cytochrome c content in the corresponding cytosolic fractions and found no differences in cytochrome c levels between the treatment groups (data not shown), which demonstrates that the decrease in mitochondrial cytochrome c does not coincide with an increase in cytosolic cytochrome c content. We also found similar outer membrane integrity between the treatment groups; therefore, the decrease in cytochrome c could not be attributed to increased outer membrane permeability. We speculate that the increase in cytochrome c phosphorylation might alter its stability. The site of phosphorylation has not been identified, but cytochrome c has been shown to be tyrosine phosphorylated in vivo at Tyr48 in bovine liver and Tyr97 in bovine heart, which are conserved residues in eukaryotes (21, 43) . Furthermore, Yu and coworkers (43) find that cytochrome c Tyr48 phosphorylation inhibits mitochondrial respiration by slowing down the reaction kinetics between cytochrome c and cytochrome-c oxidase. It has also been suggested that the posttranslational modification may alter the role of cytochrome c in apoptosis or its cardiolipin peroxidase activity (20, 21) .
The effect of increased phosphorylation of cytochrome-c oxidase subunits Va and VIb will need further study. It has been shown that complex IV activity is elevated during PC in a PKC-⑀-dependent manner and that PKC-⑀ can coimmunoprecipitate with cytochrome-c oxidase subunit IV (14, 29) . Yu et al. (44) showed that I/R injury decreases levels of complex IV subunits I and Va. However, PC administered before I/R reduced the loss of subunit I and inhibited the Va subunit losses completely. Thus these data suggest that PC can modulate levels of specific complex subunits as observed in the present study.
We considered that a possible consequence of the increase of specific complex subunits might be an alteration in the assembly of mitochondrial supercomplexes because they typically consist of complexes I, III, and IV. We found that PC and GSK-3 inhibition lead to increased levels of cytochrome-c oxidase subunit VIb in the supercomplex (Fig. 7) , which might suggest that cardioprotection can modulate the assembly of supercomplexes. The precise relationship between supercomplex composition and function is still being elucidated, but it appears that the higher-molecular-weight complexes are associated with structural stabilization (34), increased electron transport rate (11, 32) , sequestration of reactive intermediates (35) , and prevention of excess reactive oxygen species production (31) .
Supercomplex formation or stabilization may be a mechanism for cardioprotection and preservation of mitochondrial function. In fact, a recent study by Rosca et al. (33) showed that oxidative phosphorylation was significantly decreased in mitochondria from a canine heart failure model because of a reduced amount of electron transport chain supercomplexes. This work shows that supercomplexes are not only important in terms of assembly and mitochondrial structure but may be relevant as a mechanism in mitochondria-related dysfunction.
In conclusion, the results of this study demonstrate that PC and GSK-3 inhibition alter the protein abundance of subunits of complexes III, IV, and V. It is likely that the expression changes observed were caused by alterations in protein degradation or stability due to the short time frame of our treatments, and these differences could contribute to the cardioprotection provided by PC and GSK-3 inhibition by altering the assembly of complexes into mitochondrial supercomplexes.
